INTRODUCTION
The soil bacteria responsible for producing various metabolites are widely underappreciated. Streptomycetes in particular have given us a number of useful compounds of various chemical structures, so-called secondary metabolites, including antibiotics. Antibiotic production in Streptomyces spp. is believed to occur in a growth-phasedependent manner. Studies of Streptomyces coelicolor A3(2) have shown that the biosynthetic pathway for two antibiotics, actinorhodin (Act) and undecylprodigilsin (Red), are positively regulated at the transcriptional level by their own pathway-specific regulatory proteins, ActII-ORF4 and RedD, and that either of their transcriptional expressions occur at the end of the exponential phase 1, 2) . Our interest lies in the regulation that occurs during this period, the end of the exponential phase. Stringent response is one of the best-studied events observed during this period. It is a commonly occurring bacterial regulatory response initiated by nutrient limitation, causing immediate cessation of RNA accumulation. The guanine nucleotides ppGpp and pppGpp are believed to be responsible for the stringent response. It has been established that the synthesis of the ppGpp molecule correlates with antibiotic production in some Streptomyces species and with transcriptional expression of regulatory proteins in S. coelicolor A3(2) [1] [2] [3] .
On the other hand, we have found that defined mutations in rpsL genes (encoding the ribosomal S12 protein) activate antibiotic production in various bacteria [4] [5] [6] . These mutations, involving the alteration of the Lys-88 amino acid in ribosomal protein S12 to Glu, elicit Act and Red production in S. lividans 66, and enhance the productivity of these antibiotics in S. coelicolor A3(2) more than 5-fold. In addition, these mutations successfully restored impaired antibiotic production resulting from relA or relC mutations in which ppGpp productivity is absent 6, 7) . Compared to the regulatory mechanism involving the ppGpp system that regulates antibiotic production at the transcriptional level, this S12 system appears to play a role at the translational level. We have begun to clarify the mechanism underlying this phenomenon.
Characterization of str mutants.
The substitution of Lys-88 with Glu in the S12 protein conferred high resistance to streptomycin, in addition to activating antibiotic production. On the other hand, the substitution of Lys-43 with Asp did not affect antibiotic production, although this mutation also conferred high resistance to streptomycin. The transcription and translation levels of pathway-specific regulators (ActII-ORF4 and RedD) were both significantly increased in the K88E mutant, as demonstrated by RNase protection assays (Okamoto and Ochi, unpublished results) and by Western blot analyses. A single amino acid substitution in ribosomal protein S12 resulted in the following streptomycinresistant mutants: K43N, K43T, K43R, K88R, K88E, and P91S. Four mutants (K43N, K43T, K43R, and K88R) exhibited no changes in antibiotic production, while the antibiotic production of two (K88E and P91S) enhanced significantly (more than 5-fold) the production of Act. All these rpsL mutants tested, from S. coelicolor and S. lividans, exhibited a marked increase in translational accuracy (i.e., decrease in missense error rate). These results indicate that the accuracy level of each mutant strain does not correlate with Act overproduction found in certain rpsL mutants 8) .
Living bacteria always have something to tell us.
I realized that the strain KO-178 (S. coelicolor K88E mutant) showed a characteristic growth pattern; it grew rapidly until reaching the point of temporal growth cessation (transition point), but later grew slowly as if cells did not undergo stationary phase. Other rpsL mutants -1258 (K43N) and KO-482 (K88R) strains, for example -showed no such aberrant growth patterns.
There are marked physiological changes associated with nitrogen limitation, involving a transient increase in guanosine 5'-diphosphate 3'-diphosphate (ppGpp), a decrease in intracellular GTP content, and suppression of total RNA synthesis (reviewed by Cashel et al. 9) ). We also compared the cell physiologies of the parent and mutant (K88E) strains. When 1147 and KO-178 (K88E) strains were grown in YEME medium, both accumulated ppGpp temporarily at the transition point, accompanied by an abrupt 67 Award Lecture
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In an experiment involving the incorporation of 3 Hleucine into the protein fraction in living cells, in the S. coelicolor wild type strain 1147, protein synthesis activity decreased significantly after reaching the point of temporal growth cessation. In contrast, it was striking that K88E mutant KO-178 sustained high protein synthesis, at least during a 60-h cultivation period. These results indicate that the K88E mutant cells are able to maintain high levels of translation activity during the late growth phase.
Nutritional downshifts are one of the typical stress-provoking approaches used to analyze physiological changes occurring in a short time 10) . We used amino acid downshifts to further distinguish between wild type and mutant strains. RNA synthesis was dramatically suppressed immediately after amino acid depletion in all the tested strains, representing the so-called "stringent response" reported previously for various Streptomyces spp. 11, 12) In contrast to RNA synthesis, protein synthesis clearly distinguished the behavior of mutant strains. Mutants 1258 (K43N) and KO-482 (K88R), together with wild-type strain 1147, showed a low level of protein synthesis after amino acid depletion. But the capacity of mutants KO-178 (K88E) and KO-347 (P91S) for protein synthesis was 5-fold greater than the others.
The living cells studied here suggested an important point. Amino acid-limited conditions clearly distinguished antibiotic overproducing mutants (K88E and P91S mutants) from non-overproducing mutants (K43N and K88R).
Drawing on a 50-year store of results from ribosomal studies. S12 is the ribosomal protein comprising the 30S ribosomal subunit in bacteria, which has been extensively studied both genetically and biochemically. The S12 protein is best characterized with respect to its role in the recognition of cognate tRNA for maintaining accurate translations (For review, please see ref. 13) . A number of studies have demonstrated that the mutant ribosome has decreased binding affinity, involving both the ternary complex (aminoacyl-tRNA-GTP-EF-Tu) for the ribosome and of the A-site for aminoacyl-tRNA. We began by hypothesizing that such high rejection of the ternary complex from the A-site increases the population of the ribosomes with vacant A-sites, then induces antibiotic overproduction caused by increased production of ppGpp molecule. However, we have already shown that the translational accuracy is not responsible for the increased antibiotic production, and that the ppGpp molecule itself is not necessary for the activation of translation and antibiotic production caused by K88E mutation.
The altered translocation activity has been also pointed out on the mutation K88R in E. coli 14) . It was suggested that the active translocation activity plays a role in active translation in the mutant. Neomycin, kanamycin, and apramycin are all bound to 30S A1408 and G1494 region leading to inhibit translocation. We examined the susceptibility of these antibiotics. The results, though only physiologically, indicate that translocation activity may be unaffected by the ribosomal properties common in K88E and P91S mutations.
The structural stability of the ribosome may also be involved in the mechanism of overproduction.
The mutation K88E which we found in Streptomyces has never been isolated to date from E. coli. All the rpsL mutations found so far that confer resistance to streptomycin are located in two conserved regions: region I (41T to 47S) and region II (83R to 94R), each of which consists of characteristic loop structures in S12 protein as demonstrated by the structural study of the Thermus thermophilus ribosome 15) . Region I has been reported to interact directly with the space between the 16S rRNA 530 loop and the 1492-1493 strand of the decoding site. On the other hand, only limited data is available concerning the role of region II, although certain mutations found in this region have led to increases in translational accuracy. It is important to point out that the mutations K88E and P91S conferring an enhanced Act production are both located in region II but not region I.
The most prominent difference distinguishing Act overproducing rpsL mutants and other mutants came to light in amino acid shift-down experiments. A large space between two subunits in the amino acid-starved ribosome has been observed 16, 17) . Such unusual open structure may reduce the translation rate. We have found that the K88E mutant ribosome retained a stable 70S ribosomal complex under low Mg 2+ conditions. This suggests that the active translational activity shown by the mutants is caused by structural stabilization of the active form of the ribosome. More complete information is likely to be obtained after structural and biochemical studies of the K88E mutant ribosome.
We have demonstrated that the K88E mutants of S. coelicolor and S. lividans both display a remarkable increase in the production of ActII-ORF4 protein in the late growth phase, as determined by Western blot analysis (ref. 18; S. Okamoto and K. Ochi, unpublished results). When active protein synthesis is sustained under amino acid starvation (e.g., late growth phase), the production of proteins from newly transcribed genes (such as those involved in antibiotic production) during the late growth phase would provide significant benefits. Thus, the aberrant protein synthesis found in the K88E mutant could be ascribed (solely or in part) to the unusually elevated antibiotic production of this mutant.
Improvement of antibiotic production level by mutagenesis of rpsL gene
While rpsL mutants are easily derived by isolating streptomycin-resistant mutants, only a limited range of ACTINOMYCETOLOGICA VOL. 17, NO. 2 alterations in the gene was found. We attempted to develop new alterations in rpsL gene for silent gene activation using the site-directed mutagenesis technique. Working with Streptomyces lividans, we generated eight novel mutations in addition to a previously known (K88E) mutation as follows: KO-471 (K43R), KO-472 (R86L), KO-473 (V87K), KO-474 (K88G), KO-475 (D89R), KO-476 (L90K), KO-477 (G92D), and KO-478 (R94G). Of these mutants, two (L90K and R94G) were found to display an ability to activate greater antibiotic production than the K88E mutant. Transformants L90K and R94G were found to produce extensive amounts of the red-colored antibiotic undecylprodigiosin, although the transformant K88E produced only a slight amount of this antibiotic under the culture conditions used. The transformants KO-468 (vector control) and KO-469 (transformed with the wild-type rpsL gene) produced virtually no antibiotic. The amounts of undecylprodigiosin produced were 2.9-fold (in KO-476) and 1.9-fold (in KO-478) greater than the transformant KO-470 (K88E), as determined quantitatively by the method described by Kieser et al. 19) . None of other mutations tested (K43R, R86L, V87K, K88G, D89R, and G92D) were effective in activating the antibiotic production 20) . Since neither the L90K nor R94G mutations are able to confer resistance to streptomycin or paromomycin, it is difficult to search for these mutations among drug-resistant isolates. Therefore, the site-directed mutagenesis technique has been shown to be effective for improving the ribosomal protein S12 by functional modulation.
Antibiotic production by various bacteria.
Members of the genera Streptomyces, Bacillus, and Pseudomonas are soil bacteria that produce a high proportion of agriculturally and medically important antibiotics. The development of rational approaches for the improvement of these organisms with respect to antibiotic production is therefore of considerable industrial and economic importance. We examined the effect of an str mutation on various antibiotic production in these genera, including, Streptomyces chattanoogensis (which produces frederikamycin), S. antibioticus (actinomycin), S. lavendulae (formycin), Bacillus cereus (nucleoside antibiotic FR900493), B. subtilis 168 (unidentified antibiotics) and Pseudomonas pyrrocinia (pyrrolnitrin). str mutations enables them to overproduce antibiotics in all of species tested, demonstrating an increase in productivity 5-to 50fold greater than that of wild-type strains. Thus, the introduction of str mutations is effective as rational approach for improving the production of secondary metabolism from microorganisms 5) . It can be stressed that this novel breeding approach results in not only yielding high-producing strains but also makes it possible to give rise to such overproducing strains at an amazingly high frequency (3-50% in general) among the str mutants. Breeding this trait into other procaryotic microorganisms should there-fore offer a convenient and effective method for improving antibiotic productivity.
